The BALB/c (6, 7) . Resistance of SJL/J mice to MHV infection is a recessive trait mapped to the Hv-2 locus on mouse chromosome 7 (8, 9). Membranes from intestine and liver of SJL/J mice do not bind MHV or anti-receptor mAb CC1, suggesting that resistance to infection is due to absence of a functional virus receptor (3, 4). SJL/J mice express a 100-to 110-kDa glycoprotein antigenically related to the MHV receptor. Because this SJL/J receptor homolog binds neither MHV-A59 virus nor anti-receptor mAb CC1, we postulated that it has a mutation affecting the domain of the glycoprotein that normally would bind MHV and mAb CC1 (4). In this communication we demonstrate that the MHV receptor glycoprotein of BALB/c and Swiss Webster mice and its SJL/J homolog are members of the carcinoembryonic antigen (CEA) family of glycoproteins in the immunoglobulin superfamily.
Coronaviruses are common pathogens that cause respiratory illness in humans and respiratory and/or enteric diseases in many animal species. The murine coronavirus, mouse hepatitis virus (MHV), infects mouse liver, epithelial cells of the intestinal and respiratory tracts, macrophages, neural cells, and lymphocytes and is an excellent model for the study of viral infections in vivo (1, 2) . Infection of cells is initiated when the virus binds to a 110-to 120-kDa glycoprotein that is found on the plasma membranes of hepatocytes and intestinal epithelial cells of MHV-susceptible BALB/c mice (3) . The MHV receptor has an acidic pI of 3.5-4.5 (4) and is highly glycosylated, with >35% of its total mass comprised of N-linked carbohydrate (R.K.W., unpublished data). Monoclonal anti-receptor antibody CC1 (mAb CC1) blocks binding of MHV to the receptor, prevents MHV infection of cells in vitro (K.V.H., unpublished data), and inhibits virus replication and dissemination in suckling mice in vivo (5) .
The MHV receptor plays an important role in the pathogenesis of MHV infections. Adult SJL/J mice are highly resistant to infection with MHV compared with other strains of mice such as BALB/c (6, 7) . Resistance of SJL/J mice to MHV infection is a recessive trait mapped to the Hv-2 locus on mouse chromosome 7 (8, 9) . Membranes from intestine and liver of SJL/J mice do not bind MHV or anti-receptor mAb CC1, suggesting that resistance to infection is due to absence of a functional virus receptor (3, 4) . SJL/J mice express a 100-to 110-kDa glycoprotein antigenically related to the MHV receptor. Because this SJL/J receptor homolog binds neither MHV-A59 virus nor anti-receptor mAb CC1, we postulated that it has a mutation affecting the domain of the glycoprotein that normally would bind MHV and mAb CC1 (4) . In this communication we demonstrate that the MHV receptor glycoprotein of BALB/c and Swiss Webster mice and its SJL/J homolog are members of the carcinoembryonic antigen (CEA) family of glycoproteins in the immunoglobulin superfamily.
MATERIALS AND METHODS
Tissue Preparations and Tissue-Binding Assay. Intestinal brush border membranes were prepared as described (3) from adult female BALB/c and SJL/J mice. Mouse brain, colon, kidney, liver, lung, small intestine, spinal cord, and spleen were homogenized in phosphate-buffered saline (PBS; 0.137 M NaCI/2.7 mM KCI/8.05 mM Na2HPO4.7H20/1.47 mM KH2PO4) and centrifuged at 1000 x g for 5 min. The pellet containing nuclei and debris was discarded, and particulate material was obtained by centrifuging the supernatant at 38,720 x g for 30 min. The pellet was washed by resuspending in PBS, centrifuging for 30 min at 38,720 x g, resuspended in PBS, and frozen at -70°C. Radiolabeled antibody binding to these preparations was quantitated as described (10) .
Protein Purification and Sequencing. MHV receptor from Swiss Webster mouse liver was immunoaffinity-purified on a mAb CC1 column as described (4) except that receptor was eluted with a linear gradient of sodium thiocyanate from 1.0 to 5.0 M. MHV receptor protein from three 100-g batches were pooled. Concentrated receptor was electrophoresed on an SDS/PAGE gel and blotted to poly (vinyl difluoride) membrane for N-terminal amino acid sequencing (11) . Here, to maximize receptor on the membrane, 10 mM tetraborate (pH 9.6) was substituted for the standard 10 mM 3(Cyclohexylamino Propane Sulfonic acid (CAPS) (pH 11.0) buffer (G.S.J., unpublished data). Sequence was obtained from 10 ,g of receptor glycoprotein at the Protein Sequencing Laboratory of the University of California at Davis.
Antibodies and Antisera. The mAb CC1 directed against the MHV receptor and the rabbit antibody directed against the N-terminal 15 amino acids of the MHV receptor (anti-NTR) were produced as described (4 *To whom reprint requests should be addressed.
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Biochemical Analysis. To test for solubility of receptor activity in perchloric acid, colon from adult female BALB/c mice was sliced longitudinally, cleaned in ice-cold Dulbecco's PBS, and homogenized with a motorized homogenizer (Tekmar Tissuemizer) for 2 min in sterile distilled water. An equal volume of 1.2 M perchloric acid was added to the homogenate, and after 15 min, precipitated proteins were centrifuged for 20 min at 35,000 x g at 4(C to form a pellet.
Supernatant material was collected, neutralized to pH 7 with Tris base, desalted, and concentrated by using centrifugal microconcentrators (Centricon 30, Amicon Div., W. R. Grace, Danvers, MA).
Immunoblotting and Virus Blotting. SDS/polyacrylamide gels (12) were transferred to nitrocellulose membranes and probed with polyclonal antibodies or mAbs, followed by radioiodinated staphylococcal protein A and autoradiography (13) . For virus-overlay protein blots (3), membrane proteins were electrophoresed, blotted the same as for immunoblots, and then incubated with the A59 strain of MHV. Bound virus was detected with anti-viral antibody followed by radioiodinated staphylococcal protein A as described (3).
RESULTS
Affinity purification of the MHV receptor from Swiss Webster mouse liver membranes (4) was scaled up to yield sufficient glycoprotein to permit sequencing of the first 25 amino acids. We searched the National Biomedical Research Foundation/Protein Identification Resource protein sequence data base for sequences related to this 25-amino acid sequence and found only members of the human CEA family of glycoproteins (14) in the best matching sequences. Rat CEA-like DNA sequences were retrieved from the GenBank DNA data base. Murine CEA-like CDNA clones mmCGM2 and mmCGM4 isolated from a mouse colon cDNA library probed with human CEA cDNA have been reported (15) . The alignment of the first 25 amino acids of the MHV receptor glycoprotein with four members of the human CEA family of glycoproteins is shown in Fig. 1 . The basic structure of the CEA family of proteins is a 34-amino acid leader sequence that is cleaved by signal peptidase and a 108-amino acid N-terminal region that is followed by one or more repeated motifs containing two immunoglobulin-like domains. The carboxyl terminus of the protein can be either attached to the membrane by phosphoinositol glycolipid or inserted into the membrane by a transmembrane domain (14) . The N terminus of the MHV receptor protein was homologous to the N termini of the mature CEA-related proteins beginning after the 34-amino acid leader sequence. Between the first 25 amino acids of the MHV receptor and the first 25 amino acids of the human CEA family members, 60-72% of the amino acid positions were identical, and 72-84% were conserved. Of all the human proteins, PSG2 had the best amino acid
KL TIESTPFN VAEGKEVLLLAHNLP sequence homology to the MHV receptor. PSG2 is a member of a subgroup of the CEA family that contains several glycoproteins that are highly expressed in human placenta (19, 20) . CEA, the prototype molecule of the CEA family, is an acidic (pI 3-4) 180-kDa cell-surface glycoprotein with -50o of its molecular mass being carbohydrate and is an important tumor marker of human adenocarcinoma of the colon, lung cancer, and breast cancer (14, 25) . CEA is also found, in much lower abundance, on normal colonic epithelium. NCA-95 and NCA-55 share several antigenic sites with CEA and are acidic glycoproteins expressed in normal colon, liver, lung, and spleen and on polymorphonuclear neutrophils and macrophages. BGP is a 90-kDa CEA-related protein in normal adult human liver (26) . The predicted N-terminal amino acid sequences of the rat genomic sequences rnCGM1, rnCGM2, rnCGM3, rnCGM4, and mCGM5, which encode a family of genes related to human CEA (17) , were also homologous to the N terminus of the MHV receptor. Of the rat CEA-like sequences, rnCGM4 was the most closely related to the N terminus of the MHV receptor, with 64% identity in the first 25 amino acids (Fig. 1) . Rat ecto-ATPase, a 95-to 110-kDa molecular mass cell-surface nucleotidase found on the bile canalicular surface of hepatocytes and on intestine brush borde,r is highly similar to human BGP (18, 27) . The N terminus ofthe MHV receptor shares 60o identity with rat ecto-ATPase. The predicted N-terminal amino acid sequences from the two mouse CEA-like transcripts, mmCGM2 and mmCGM4 (15) , were identical to the N-terminal sequence we obtained from the MHV receptor protein.
CEA, NCA, and BGP have the unusual property of being soluble in high concentrations of perchloric acid (14) . To compare the biochemical properties of the MHV receptor with the CEA family, mouse colon was homogenized in water and treated with perchloric acid (0.6 M final acid concentration) to precipitate non-CEA-like proteins according to procedures for isolation of CEA and NCA (14) . Perchloric acid solubility of the MHV receptor was examined by blotting the supernatant with MHV-A59 virus or with anti-receptor mAb CC1 (Fig. 2) . MHV receptor glycoprotein was found in the perchloric acid supernatant, indicating that a substantial proportion of the MHV receptor glycoprotein in colon possesses CEA-like solubility characteristics.
The tissue distribution of the MHV receptor in the BALB/c mouse was examined by binding "25I-labeled antireceptor mAb CC1 to pellets containing cellular membranes (Fig. 3) entially in the colon. In addition, the MHV receptor was expressed on intestine and liver as are human biliary glycoprotein BGP (28) and rat ecto-ATPase (18, 27) .
Antigenic cross-reactivity between CEA, NCA, and the MHV receptor was found when rabbit anti-CEA antiserum, which recognizes both CEA and NCA, bound to the immunoaffinity-purified MHV receptor from Swiss Webster mouse liver (Fig. 4) . The purified MHV receptor was also recognized by antiserum to human PSG2 but not by several rabbit antisera raised against irrelevant antigens (data not shown).
MHV receptor from BALB/c mouse small intestine was also tested for cross-reactivity with anti-CEA antisera (Fig.  5 ). In immunoblots with anti-receptor mAb CCI or anti-NTR, the MHV receptor in BALB/c intestinal brush border membranes was the same size as the murine glycoprotein recognized by the anti-CEA antisera. The 45-to 58-kDa BALB/c intestinal glycoprotein recognized by anti-receptor mAb CC1 did not bind the anti-CEA antisera. SJL/J small intestine (4) . This SJL/J homolog of the MHV receptor was recognized by polyclonal antisera to human CEA (Fig. 5 ).
DISCUSSION
The glycoprotein receptor for MHV was identified as a murine member of the CEA family of glycoproteins in the immunoglobulin superfamily by strong sequence homology of the first 25 amino acids at the N terminus of the proteins, common biochemical properties, and, serological crossreactivity. The MHV receptor was expressed in a tissuedependent manner similar to that of several CEA family members, including human BGP, NCA, and rat ecto-ATPase (14, 18, 25, 26) , with highest levels of expression in the colon, small intestine, and liver. These tissues are major targets for MHV replication in vivo. Thus, the tissue specificity of mouse coronavirus infection may be determined, at least in (21, 30, 31) . CEA shares homology with the neural cell adhesion molecule, N-CAM (30, 32) , and induces calcium-independent cell aggregation in vitro (33) . Murine mmCGM2, a 42-kDa glycoprotein with an N-terminal amino acid sequence identical to the MHV receptor protein, induces calcium-dependent cell aggregation (34) .
In addition to the CEA-related receptor for murine coronavirus that we demonstrated here, several other members of the immunoglobulin superfamily of glycoproteins have been shown to serve as virus receptors, including CD4, ICAM-1, and PVR, the receptors for HIV, human rhinoviruses, and poliovirus, respectively (35) (36) (37) (38) (39) (40) . These immunoglobulin superfamily molecules have several common features which may make them particularly attractive targets for virus attachment and penetration: they show significant polymorphism in a common tertiary structure (41) , function in intercellular adhesion (CD4 and I-CAM-l), and show tissuedependent expression on the plasma membrane.
